We report inelastic light scattering results on the stoichiometric and fully ordered superconductor CaKFe4As4 as a function of temperature and light polarization. In the energy range between 10 and 315 cm −1 (1.24 and 39.1 meV) we observe the particle-hole continuum above and below the superconducting transition temperature Tc and 7 of the 8 Raman active phonons. The main focus is placed on the analysis of the electronic excitations. Below Tc all three symmetries projected with in-plane polarizations display a redistribution of spectral weight characteristic for superconductivity. The energies of the pair-breaking peaks in A1g and B2g symmetry are in approximate agreement with the results from photoemission studies. In B1g symmetry the difference between normal and superconducting state is most pronounced, and the feature is shifted downwards with respect to those in A1g and B2g symmetry. The maximum peaking at 134 cm −1 (16.6 meV) has a substructure on the high-energy side. We interpret the peak at 134 cm −1 in terms of a collective Bardasis-Schrieffer (BS) mode and the substructure as a remainder of the pair-breaking feature on the electron bands. There is a very weak peak at 50 cm −1 (6.2 meV) which is tentatively assigned to another BS mode.
I. INTRODUCTION
CaKFe 4 As 4 is among the few iron-based compounds which are superconducting at high transition temperature T c at stoichiometry 1 since the Ca and K atoms form alternating intact layers as shown in Fig. 1 . The high degree of order allows one to get as close to the intrinsic properties of the material class as possible since the effects of disorder are expected to be negligible or at least significantly smaller than in solid solutions such as Ba 1−x K x Fe 2 As 2 or Ba(Fe 1−x Co x ) 2 As 2 . For instance the residual resistivity ratio (RRR) reaches 15 and is much higher than for Ba(Fe 1−x Co x ) 2 As 2 and comparable or better than for Ba 1−x K x Fe 2 As 2 2 . Other transport and the thermodynamic properties 2 highlight the similarities to optimally or overdoped Ba 1−x K x Fe 2 As 2 .
These similarities include the electronic structure, in particular the Fermi surfaces [ Fig. 1 (c) ] and the superconducting energy gaps 3 . The gaps were found to be rather isotropic on the individual bands having values of 2∆ α = 21 meV, 2∆ β = 24 meV, 2∆ γ = 16 meV and 2∆ δ = 24 meV on the three hole bands (α, β, γ) and the electron band (δ), respectively. The good nesting observed between the β and δ bands was considered to support s-wave interband pairing [3] [4] [5] as proposed earlier for the iron-based materials in general 6 .
Since there is also nesting among the electron bands one can expect a competing pairing interaction with dwave symmetry as a subleading instability 7 . Indications thereof were found recently in Raman scattering experiments on Ba 1−x K x Fe 2 As 2 [8] [9] [10] . The subleading channel manifests itself as a narrow line below the gap edge given that the gap is clean as, e.g., in Ba 1−x K x Fe 2 As 2 11-13 .
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The bound state has its origin in a phase fluctuation of the condensate of Cooper pairs. The experimental identification of this excitation as a Bardasis-Schrieffer (BS) exciton rests on the shape of the line, its temperature dependence and the spectral weight transfer from the pairbreaking feature to the in-gap mode as described in detail in Refs. 9 and 10. Given its nearly clean gap and the high crystal quality, CaKFe 4 As 4 is an excellent candidate for scrutinizing the superconducting properties of hole doped 122 systems. We aim at answering the question as to wether or not subleading channels can also be observed in systems other than Ba 1−x K x Fe 2 As 2 and can be identified as generic.
II. EXPERIMENT
Calibrated Raman scattering equipment was used for the experiments. The sample was attached to the cold finger of a He-flow cryostat. For excitation a diodepumped solid state laser emitting at 575 nm (Coherent GENESIS MX-SLM 577-500) was used. The polarization of the incoming light was adjusted in a way that the light inside the sample had the proper polarization state. The absorbed power (inside the sample) was set at typically P a = 2 mW independent of polarization. By setting the polarizations of the incident and scattered photons the four symmetries A 1g , A 2g , B 1g , and B 2g of the D 4h space group can be accessed. For the symmetry assignment we use the 1 Fe unit cell [see Fig. 1 (b) and (c)] since the density of states at the Fermi energy E F is nearly entirely derived from Fe orbitals. The related projections in the first Brillouin zone (BZ) are visualized in Fig. A1 of Appendix A. In this work the focus is placed on low energies, where A 2g is negligibly small. The polarization combinations RR, xy, and x y almost exclusively project the A 1g , B 2g , and B 1g symmetries as desired. Here x and y are horizontal and vertical, respectively, in the laboratory system. Note that the out-of-phase vibration of the Fe atoms appears in B 2g symmetry in the 1 Fe unit cell rather than in B 1g symmetry of the crystallographic unit cell hosting two Fe atoms per Fe 2 As 2 plane. For more details see section B. The spectra are represented as response functions Rχ (T ), Ω) which are obtained by dividing the measured cross section by the thermal Bose factor {1 + n(Ω,
The CaKFe 4 As 4 single crystals were grown from the FeAs flux and characterized thoroughly as described by Meier and coworkers 2, 14 . The T c value of 35.21 ± 0.10 K we found here is in the range 35.0 ± 0.2 K determined by Meier et al. (see Fig. C in Appendix A3). The crystal structure of CaKFe 4 As 4 is very similar to that of AFe 2 As 2 systems [cf. Fig. 1 (a) ] and belongs to the tetragonal D 4h space group. Since CaKFe 4 As 4 has alternating Ca and K planes between the Fe 2 As 2 layers the point group is simple-tetragonal (P 4/mmm) 1 rather than the body-centered tetragonal (I4/mmm) as BaFe 2 As 2 [15] . Fig. 2 shows the normal (red) and superconducting (blue) Raman spectra of CaKFe 4 As 4 at the three polarization configurations (a) RR, (b) xy, and (c) x y . The sample is rotated by 45
III. RESULTS
• with respect to the orientation in Figs. 1 and A1 in order to suppress any c-axis projection in the B 1g spectra (xy in the laboratory system). Superimposed on the particle-hole continua we observe six and four phonons in RR and x y polarization, respectively 16 which will be discussed in Appendix B. As intended there are no phonons in xy configuration, and the spectrum in the normal state is completely smooth to within the experimental error. The structure-less shape indicates that there is no polarization leakage and, more importantly, that there is no defect-induced scattering from phonons highlighting the high crystal quality. We focus now exclusively on the electronic continua.
To this end we also plot the difference spectra,
(orange in Fig. 2 ) along with the raw data of each polarization configuration. In the difference spectra ∆Rχ (Ω) temperature-independent structures such as (most of) the phonons and the presumably weak and temperatureindependent luminescence contributions are eliminated. In this way the changes induced by superconductivity are highlighted. All spectra show the typical changes upon entering the superconducting state: (i) The opening of the gap induces a suppression of the intensity below a cross-over energy of Ω 0 = 125, 115, and 130 cm −1 for A 1g , B 1g , and B 2g symmetry, respectively. In this range ∆Rχ (Ω) (orange) is negative. (ii) The intensity piles up above Ω 0 due to a coherent superposition of pair-breaking and Bogoliubov quasiparticle excitations across the gap 2∆. The amplitude of the redistribution is small in A 1g and B 2g symmetry [ Fig. 2 In the A 1g response [ Fig. 2 (a) ] the signal at Ω → 0 is enhanced because of surface layers of accumulating residual gas molecules at low temperature (see Fig. A4 ) and the insufficient suppression of the elastically scattered light in the case of parallel light polarizations (RR here).
The first striking observation is the nearly symmetryindependent cross-over energy Ω 0 where the normal (red) and superconducting (blue) spectra intersect each other or where ∆Rχ (Ω) changes sign. Yet, the intensity for Ω < Ω 0 does not vanish entirely as expected for a clean gap but is only reduced. No additional structures are observed in the A 1g and B 2g spectra while a weak hump appears at approximately 50 cm −1 [see Fig. 2 (b) and arrows in Fig. 3 (b) to (f)] in B 1g symmetry. It appears also at elevated temperatures as shown in Fig. A5 and is therefore considered a robust feature. Second, whereas the normal and the superconducting spectra merge at similar energies close to Ω m = 230 cm −1 in all symmetries the distribution of spectral weight in the range Ω 0 < Ω < Ω m varies substantially. In none of the symmetries the pair-breaking features display the typical shape. The pair-breaking maximum in B 2g symmetry is found at approximately 215 cm −1 right underneath the Fe phonon. The negative intensity at 215 cm −1 shows that the phonon is renormalized below T c , and an influence of this renormalization on the electronic features cannot be excluded. However, the gap below 130 cm −1 indicates the presence of an intensity redistribution below T c . In A 1g symmetry a wide plateau is observed between Ω 0 and Ω m . Finally in B 1g symmetry, a pronounced peak is found at 135 cm −1 above which the intensity decays. Upon studying various temperatures a secondary maximum at about 165 cm −1 can be resolved as shown in Fig. A5 in the . For the discussion below we additionally plot in Fig. 2 (a) the gap energies 2∆ i as horizontal bars according to a recent photoemission study 3 , where i is the band index [c.f. Fig. 1 (c) ]. The width of the bars corresponds to the error bars of order ±10% indicated there.
IV. DISCUSSION
The main purpose of this section is a balanced discussion of the possible interpretations of the electronic Raman spectra presented in section III. Can the spectra be interpreted exclusively in terms of pair-breaking or are collective modes, similarly as in Ba 1−x K x Fe 2 As 2 , necessary for a more consistent explanation?
A. Gap energies
Using yellow excitation we find a strong redistribution of spectral weight in B 1g symmetry similarly as in a simultaneous Raman study using red photons 17 (Note that B 1g and B 2g are interchanged in these studies.) With yellow photons the redistribution can be observed in all three symmetry channels. As already noticed earlier this difference in the experimental results may be traced back to orbital dependent resonance effects 10 . The highest pair-breaking energy in our study is observed in B 2g symmetry implying a maximal gap energy of 2∆ max ≈ 215 cm −1 . This energy corresponds to ∆ max = 13.3 meV slightly higher than the largest gaps derived for the β and δ bands, ∆ β,δ = 12 meV using angle-resolved photoemission spectroscopy (ARPES)
3 . 215 cm −1 coincides with the edge of the A 1g pair-breaking feature [see Fig. 2 ], and we conclude that the ARPES data slightly underestimate the gap energies found by Raman scattering as already observed for Ba 1−x K x Fe 2 As 2 [8 and 9] . Similarly, the lowest gap energy of ∆ γ = 8 meV is below 9.3 meV expected from the lower edge in the A 1g spectra. There are no structures in the A 1g and B 2g spectra which one could associate with the gap energy on the α band, ∆ α = 10.5 meV, obtained from ARPES. On this basis we conclude that the maximal gap energies derived from the A 1g and B 2g Raman spectra are in the same range of approximately 9 k B T c as in Ba 1−x K x Fe 2 As 2 close to optimal doping 9 . The question arises whether ARPES and Raman results are compatible with the selection rules. As shown in Fig. A1 all bands should be visible in A 1g symmetry with comparable weight upon neglecting resonance effects. In fact, all energies are represented in the spectra shown in Fig. 2 (a) . Even if a Leggett mode contributes to the A 1g spectra, as suggested recently 18 , this conclusion survives since the Leggett modes are expected close to the maximal gap energies in the Fe-based systems. The B 2g spectra are less easily to be reconciled with this scenario since the gaps on the hole bands should be projected with a similar spectral weight as that of the electron band. Yet we find only a contribution from the largest gap. Although the overall intensity is very weak here the absence of contributions from the γ band cannot be explained by the variation of the peak height with |∆| 2 [19] or by applying the symmetry selection rules. Either a phenomenological treatment as for Ba 1−x K x Fe 2 As 2 [9] or a detailed resonance study needs to be performed which, however, is beyond the scope of this work.
Given that the single particle gap energies are by and large reproduced in the A 1g and B 2g spectra it is important to understand the B 1g spectra. As shown in Fig. 2 (c) the energies appearing there are well below those of the A 1g and B 2g spectra. This is particularly surprising as the δ bands are expected to be projected fully (and not marginally) in B 1g symmetry (see Fig. A1 ) as opposed to all hole bands. Thus, the argument that the strongest peak in the B 1g spectra results from the γ band can be discarded.
B. B1g Response
There is only one alternative scenario which reconciles the results observed in the three Raman active symmetries and the ARPES results: The B 1g spectra do not directly reflect gap energies but rather are shifted downward by final state interaction as discussed for Ba 1−x K x Fe 2 As 2 in earlier work [8] [9] [10] . The similarity can be observed directly by comparing the data in Fig. 3 . The difference spectra as a function of temperature indicate that the B 1g peak has a robust shoulder on the highenergy side. The overall shape is surprisingly similar to the spectra of Ba 0.65 K 0.35 Fe 2 As 2 .
Following this reasoning we identify the maximum of the B 1g spectra at 135 cm −1 with a collective mode pulled off the maximal gap energy on the δ band due to a d x 2 −y 2 wave subleading interaction among the two electron bands predicted theoretically 13 and observed in Ba 1−x K x Fe 2 As 2 . The hump at approximately 165 cm −1 is then the remaining intensity of the pair-breaking peak on the δ band after switching on the final state interaction which induces a transfer of intensity from the pairbreaking peak into the bound state 9,12,13 . Only in this way the missing intensity in the range of 2∆ δ can be explained consistently.
It is tempting to explain the faint peak close to 50 cm −1 (2 k B T c ) in terms of a second BS mode in a similar fashion as in Ba 1−x K x Fe 2 As 2 10 . This would mean that the subdominant coupling is already very strong, and CaKFe 4 As 4 is on the brink of a d-wave instability. The very weak intensity of the peak argues in this direction since the BS mode is expected to vanish when d-wave pairing wins. Yet, the vanishingly small intensity is also the Achilles heel of the argumentation, and a robust statement is possible only on the basis of a microscopic model, which includes the derivation of the eigenvectors The arrows show two Bardasis-Schrieffer modes at 3.1 (green arrow) and 5.2 kBTc (orange arrow). The remainder of the pair breaking peak is located at 6.2 kBTc (blue arrow) since the high-energy part is drained into the BS modes.
of the subdominant pairing channels, as proposed for Ba 1−x K x Fe 2 As 2 10 . Such an expensive theoretical treatment is beyond the scope of this experimental study.
V. CONCLUSION
We investigated the recently discovered superconductor CaKFe 4 As 4 with inelastic light scattering as a function of photon polarisation and temperature. Using yellow light (575 nm) superconducting features were found in A 1g , B 1g and B 2g symmetry.
A weak but well-defined pair-breaking feature is found at 215 cm −1 (corresponding to ∆ = 13.3 meV) in B 2g symmetry which is slightly above the largest gaps observed by ARPES for the β and the δ bands 3 and close to the energy Ω m where the normal and the superconducting spectra merge in all symmetry projections. This feature is also present in the A 1g spectra. In addition to the high-energy feature the A 1g intensity displays a plateau-like shape down to Ω (A1g) 0 = 125 cm −1 . Given the small discrepancies between the gap energies derived from the ARPES data and the Raman spectra one can conclude that the A 1g spectra reflect the entire range of gap energies of CaKFe 4 As 4 even though the individual gap energies cannot be resolved.
In B 1g symmetry, the superconducting feature is centered at lower energy than in the two other symmetries. We interpret the sharp maximum at 135 cm
as a collective Bardasis-Schrieffer mode pulled off the maximal gap on the δ band similarly as in the sister compound Ba 0.65 K 0.35 Fe 2 As 2 . The shoulder at approximately 165 cm −1 is a remainder of the pair-breaking peak losing most of its intensity to the collective mode 9,13 . Whether or not the weak structure at 50 cm −1 is another BS mode with even stronger coupling cannot be decided with certainty because of the fading intensity. If this interpretation could be supported further CaKFe 4 As 4 would be closer to a d-wave instability than Ba 1−x K x Fe 2 As 2 . The smaller T c of CaKFe 4 As 4 argues in this direction since a strong d pairing channel frustrates the s-wave ground state and reduces T c . Even without dwelling on the peak at 50 cm −1 we may conclude that CaKFe 4 As 4 is a true sibling of Ba 1−x K x Fe 2 As 2 10 thus demonstrating that pairing fingerprints can be observed preferably in materials with clean gaps.
Using different combinations of light polarizations different parts of the Brillouin zone can be projected independently for particle-hole excitations 20 . The weighting factors for the three Raman-active in-plane symmetries are shown in Fig. A1 . Here the linear vertices are displayed which are derived entirely on the basis of symmetry arguments. In A 1g symmetry we use the second order vertex γ (2) A1g ∝ cos(k x ) cos(k y ) which reflects the band structure better than the first order vertex because of the curvature of the hole and the electron bands 9, 21 . (The zero-order vertex is a constant and entirely screened.) (1)
(1)
(a) (b) (c) Figure A1 . Raman form factors. The first row shows the polarizations w.r.t. the Fe sublattice. The second row displays the momentum dependences of the Raman vertices 19 .
The A1g vertex displayed here corresponds to γ
A1g which was found to be the most appropriate vertex for the FeAs systems 9,21 because of the opposite curvature of the electron and hole bands.
For the experiments the samples were mounted on the cold finger in a way that the crystallographic axes match the laboratory system (xy). Because of the large angle of incidence, the incoming photons having polarization x or R have the same finite projection on the c-axis. Consequently, E g phonons, obeying xz and yz selection rules, are expected to appear in both RR and x y scattering configurations, whereas they are absent in xy configuration.
Appendix B: Phonons
For the phonons it is more appropriate to use the crystallographic 2 Fe unit cell of CaKFe 4 As 4 having P 4/mmm symmetry as shown in Fig. 1 . The orientation of the crystal in the experiment is displayed as an inset in Fig. A2 . The energies of all phonon lines observed are collected in Table I . The strongest line that appears at 215 cm −1 in x y polarization is the out-of-phase c-axis Fe vibration having the proper B 1g symmetry in the crystallographic (2 Fe) unit cell.
The in-phase c-axis vibrations of the As atoms appear at 66 and 188 cm −1 in the RR spectra. The line at 288 cm −1 corresponds to the in-phase c-axis vibrations of the Fe atoms. Three modes appear simultaneously with approximately the same intensity in RR and x y polarization both of which having the same finite projection of about 30% on the c-axis of the incoming photons inside the crystal and are tentatively identified as three of the four E g modes expected to be Raman-active in the P 4/mmm structure of CaKFe 4 As 4 . They are projected Since the sample lags slightly behind the sensor the indicated temperature is slightly higher and lower, respectively, between the curves. We derive Tc = 33.2 K and ∆Tc = 0.3 K.
in zx and zy configuration thus have only approximately 10% of the full intensity. The mode at 232 cm −1 cannot be observed independently in the x y spectra since it is too close to the B 1g mode. We show an approximate decomposition in Fig. A2 (b) . All E g phonons are shear modes with the Fe and As atoms moving parallel to the FeAs planes with different eigenvectors. In total one expects four E g modes 16 . The missing fourth mode is either too weak to be observable or outside the range we studied.
Appendix C: Sample characterization
The transition temperature T c of CaKFe 4 As 4 sample used for the experiments was determined via the temperature dependence of the nonlinear magnetic susceptibility χ (3) m (T ) which is very sensitive for sample inhomogeneities 22. Fig. A3 displays the results of the measurements on the samples used here for a cooling and a heating run.
As shown by Shatz and coworkers 23 the χ
m (T ) curves displays a nearly linear onset right below T c given that there is no dc field, the amplitude of the exciting ac field is small (typically µ 0 H 0 < 10 −3 B c1 ), and the superconducting transition is sharp (∆T c → 0). Below T c χ
m (T ) peaks at an amplitude-dependent temperature and decays again. The extrapolation to zero of the linear part between the peak and T c can be identified with the midpoint of the transition obtained from the linear susceptibility. If ∆T c is not negligible χ 2 . We cannot identify any secondary phases.
Appendix D: Raw Data
The left panels of Figs. A4, A5, and A6 show the raw data (after division by the Bose factor) above T c and at various temperatures below T c for CaKFe 4 As 4 . The difference spectra according to Eq. (1) are shown in the right column. 
